ABSTRACT
Introduction
there has been growing interest in legumes not only because they are important crop plants, but also because of their interactions with microbial symbionts, which provide substantial amounts of organic nitrogen (7, 10) . For the establishment of a unified system for studying legume genomics, two plants, Medicago truncatula and Lotus japonicus, were chosen as model species because of their small diploid genome, amenability to forward and reverse genetic analyses and genetic transformation, selffertility, short life cycle and high seed production. in addition, these plants are suitable for studying biological functions, important to the related crop legume species. transfer of this process to other species can be realized by genomic approaches (3, 20) .
insertional mutagenesis provides unique opportunity for genetic analysis and impacts functional genomics research in plants. This powerful tool for modification of gene expression and analysis of phenotypic features has been applied for many organisms (12) . the generated insertional mutants can be successfully used to identify gene function and its relationship to environmental cues. Retrotransposons are the largest class of mobile genetic elements, which are effective for transposition in large genomes. they transpose through an RnA intermediate, and result in multiple insertions per genome in one generation. there are two main categories of retrotransposons: long terminal repeat (ltR) retrotransposons and non-ltR retrotransposons, that together account for 70-85% of the nuclear genome. ltR retrotransposons are generally silent but abundant in plant genomes (5, 16) . the tobacco LTR retrotransposon Tnt1 is one of the few plant retrotransposons with demonstrated transpositional activity. in M. truncatula, it generates from 4 to up to 40 insertions per transformed plant. these insertions are stable and most of them are genetically independent during the life cycle of M. truncatula. Tnt1 can target any part of the genome, but transposes more frequently within or near gene coding sequences (4) . As the M. truncatula genes are not uniformly distributed in the genome, the preference for exons is an important feature that ensures efficient saturation mutagenesis. The high tagging efficiency of Tnt1 allowed generation of substantial number of publicly available insertion mutant collections of the model legume M. truncatula. originally funded by the noble Foundation (www.noble.org/medicago/) and national Science Foundation (Plant Genome Program, DBI 0703285), these resources are being expanded and developed by european groups (www.eugrainlegumes.org) as well. All lines are integrated to obtain approximately 21000 mutant lines containing insertions in approximately 90% of all genes. Bulgaria, represented by the group of Functional genetics of legumes from AgroBioinstitute, was also a part of this project and contributed to the establishment of the Tnt1 mutant collection. in collaboration with researchers from various institutions in the United States and Europe, the first 3200 Tnt1 lines have been screened for visible phenotypes in the R1 generation. Approximately 30% visible mutants in at least 25 distinct phenotypic classes are identified and shown on the website (http://bioinfo4.noble.org/mutant/). in this report, we describe our progress/results in screening Tnt1 mutant lines, particularly focusing on the leaf epidermis morphology. the leaf epidermis is essential to plant functioning and survival not only because it is the first line of defence against environmental damages but also because of its crucial developmental role (2) . interactions between the epidermis and internal tissues regulate the overall leaf architecture. the patterning mechanism that operates in the leaf epidermis leads to the specification of different cell types. the epidermal cells ("pavement cells") are the most numerous, largest and apparently least specialized. in addition to pavement cells, two more specialized cell types, guard cells and trichomes, differentiate during leaf development. Stomata are created through a series of stereotypical cell divisions (13) , while trichome cell morphogenesis involves induction of endoreplication rounds (9) . The guard cells are important physical openings that control gas exchange between the plant tissue and the atmosphere. they always occur in pairs and form a small pore, stomata, between them. the trichomes possess highly specialized systems for biosynthesis, secretion, and/ or a chemical defence function against insects and pathogens. the epidermis of most leaves shows dorsoventral anatomy: the upper (adaxial) and lower (abaxial) surfaces have different construction and may serve different functions. epidermal identity is determined by the interactions of a complex set of factors, including developmental phase of the plant, regional identity within the leaf, and axiality. Genetic analyses have partly provided insight into the underlying mechanisms that regulate epidermal development. however, the molecular basis for each component of epidermal development remains largely unknown. Functional genomics technology provides powerful tool for solving these problems. on the other hand, this report shows that Tnt1 is a very efficient mutagen severely affecting the leaf epidermis, which can be used as a valuable criterion for screening of Tnt1 mutant lines.
VARIABLE LEAF EPIDERMAL MORPHOLOGY

Materials and Methods
Plant material and growth conditions
Barrel medic (Medicago truncatula) seeds were scarified with a piece of sandpaper and surface sterilized with 2.5% sodium hypochlorite solution containing 0.02% tween 20 for 20 min, followed by five rinses with sterilized water. Then seeds were germinated in plates containing a Murashige and Skoog (MS) medium solidified with 0.8% agar that had been adjusted to pH 5.8 with 1n Koh. the plates were placed in a growth chamber under a 16 h light (300 mmol m -2 s -1 ) at 24ºc. Germinating seedlings were later transferred to a greenhouse (16 h light, 25ºc temperature, 60% humidity) into plastic pots containing commercial potting soil and watered thoroughly. Part of the seedlings was transferred from the agar plates into 1.2 l plastic pots (two plants per pot) containing Fahraeus plant nutrient solution for legumes (Vincent, 1970 ) supplied with micronutrients. From each Tnt1 line two plants were tested as follows:
2hA, t 1 6110A-p1, t 1 6110A-p2, t 1 6123A/3-p1, t 1 6123A/3-p2, t 1 6123A/5-p1, t 1 6123A/5-p2, t 1 5945A/4-p1, T 1 5945A/4-p2, T 1 5638A/3-p1, t 1 5638A/3-p2, t 1 5638A/6-p1, t 1 5638A/6-p2, t 2 5819/3/1-p1, T 2 5819/3/1-p2, T 1 5819A/7-p1, t 1 5819A/7-p2, T 1 5820A/5-p1, t 1 5820A/5-p2, t 2 5820/5/2-p1, t 2 5820/5/2-p2, t 2 5644A/2/8-p1, t 2 5644A/2/8-p2, t 1 5945A/4-p1, T 1 5945A/4-p2, T 1 5945A/5-p1, T 1 5945A/5-p2, t 2 6142A/3/3-p1, t 2 6142A/3/3-p2.
Leaf clearing and observation leaves from mature plants (about 7 to 8 weeks old) were collected separately in 2 ml eppendorf tubes and cleared in absolute ethanol until the chlorophyll disappeared (~24-48 h). then samples were transferred into naoh:etoh solution (1 volume 1.25 mM naoh is added to 1 volume absolute etoh) for 2 h at 60ºc, and subsequently mounted in lactic acid (Acros Organics) for 24 h on slides. The samples were examined and photographed using an olympus BX51 upright microscope with UIS2 (Infinity corrected optical system) and HIGH contRASt Dic coupled to a Xc50 digital microscope camera (maximal resolution 2576 x 1932 pixels).
Morphometric analysis
images were processed and analysed by imaging software cell B (olympus, Germany). epidermal cell size, cell wall perimeter of individual cells (10 from each leaf surface) and number of stomata (per mm leaf area) on adaxial and abaxial leaf surfaces were calculated. At least two samples of each plant were examined to determine the constancy of leaf epidermal features on the both upper (adaxial) and lower (abaxial) epidermis.
Statistical analysis cells in the digital images were imported and traced in cell B imaging software. the areas and perimeters of at least 10 cells were measured per image and two images per plant were analyzed. the stomata counting was done in all available images (between 6 and 12). Results are presented as the mean and standard error. A multifactorial AnoVA analysis for repeated measures was performed to analyze changes in leaf morphology parameters depending on the location on the leaf surface and the mutant line (Sokal and Rohlf 1981) . A P value of less than 0.05 was considered statistically significant. All of the analyses were performed using the Statistica 8 software (StatSoft, inc., USA).
Results and Discussion
the Tnt1 copy number in the primary M. truncatula mutant lines was analyzed by a transposon display technique or inverse PcR (8) . Among the analyzed Tnt1 mutant lines producing seeds, a random sample of 15 positive lines from t 1 generation and/or the following t 2 generations was selected for assessment of their leaf morphology. it should be noted that two plants per each line were tested, and in terms of the screened parameters most of them showed different phenotypes. As a (Fig. 1) . Some of the representative observations of leaf morphology are summarized in Fig. 1 . the shape of epidermal cells on the abaxial leaf surface varied between polygonal (from tetragonal to octagonal) and irregular with straight or undulated (mostly V-shaped) cell walls ( Table 1, Fig. 1B, Fig. 1D, Fig. 1F) . the Tnt1 lines showed significant variation in the size of leaf epidermal cells (Fig. 2) . in general, epidermal cells in the abaxial epidermis showed a tendency of being smaller than those seen in the adaxial one. In some lines (t 1 6123A/3-p1, t 2 5820/5/2-p2, t 2 5644A/2/8-p1, t 1 5945A/5-p1, T 2 6142A/3/3-p1), the epidermal cells on both adaxial and abaxial surfaces were larger than these in the other studied lines. the smallest epidermal cells were observed on the adaxial surface of T 1 6123A/5-p2 and t 1 5638A/6-p1 leaves.
in most of the lines, the upper epidermal cells had isodiametric and/or elongated shape and cell walls with U-shaped undulation ( Table 1) . in some of the Tnt1 lines, the undulation was less pronounced (Fig. 1A, Fig. 1C) , whereas in the other lines it was significantly greater and more frequent ) on the upper and lower leaf surfaces of Tnt1 insertional mutants of Medicago truncatula. the following mutant lines are presented: 1, 2hA; 2.1, t 1 6110A-p1; 2.2, t 1 6110A-p2; 3.1, t 1 6123A/3-p1; 3.2, t 1 6123A/3-p2; 4.1, t 1 6123A/5-p1; 4.2, t 1 6123A/5-p2; 5.1, t 1 5945A/4-p1; 5.2, t 1 5945A/4-p2; 6.1, T 1 5638A/3-p1; 6.2, t 1 5638A/3-p2; 7.1, t 1 5638A/6-p1; 7.2, t 1 5638A/6-p2; 8.1, t 2 5819/3/1-p1; 8.2, T 2 5819/3/1-p2; 9.1, T 1 5819A/7-p1; 9.2, T 1 5819A/7-p2; 10.1, T 1 5820A/5-p1; 10.2, t 1 5820A/5-p2; 11.1, t 2 5820/5/2-p1; 11.2, t 2 5820/5/2-p2; 12.1, t 2 5644A/2/8-p1; 12.2, t 2 5644A/2/8-p2; 13.1, t 1 5945A/4-p1; 13.2, T 1 5945A/4-p2; 14.1, t 1 5945A/5-p1; 14.2, T 1 5945A/5-p2; 15.1, T 2 6142A/3/3-p1; 15.2, t 2 6142A/3/3-p2 Bars represent standard errors of the mean. Statistically different values are designated with different letters. noted: Ue-upper epidermis; le-lower epidermis (Fig. 1E) . Generally, the higher cell undulation increased the perimeter of epidermal cell walls (Fig. 3) . Despite that some lines showed undulation on both leaf surfaces (2hA, t 2 5644A/2/8-p1), many lines (t 1 5638A/3-p2, t 1 5819A/7-p2, T 2 5820/5/2-p1, t 2 5820/5/2-p2, t 2 5820/5/2-p2, t 2 5644A/2/8-p1, t 1 5945A/4-p1, T 2 6142A/3/3-p1, t 2 6142A/3/3-p2) presented a greater tendency towards a higher 'wavyness' in epidermal cells on the adaxial surface. This higher 'wavyness' had as a result a higher epidermal cell perimeter (Fig. 3) .
the most variable parameter in term of leaf morphology was the number of stomata per unit leaf area. the leaves of all the screened Tnt1 lines were amphistomatic (stomata were distributed on both the abaxial and adaxial leaf surfaces), but the higher stomatal number was generally associated with the lower leaf epidermis (Fig. 4) . Stomata were more numerous over the abaxial epidermis of T 1 6123A/5-p2 and t 1 5638A/3-p1 lines, whereas in the lines t 2 5820/5/2-p2 and t 1 5945A/4-p1 their number was more than twice lower than in the lines with multiple stomata.
in this report, we summarize some typical leaf morphological characteristics of M. truncatula mutants generated by Tnt1 retrotransposon insertion mutagenesis. From the Bulgarian collection, thirty plants were selected based on the availability of Tnt1 insertions, which was verified by a transposon display technique or inverse PcR analysis (8) . Phenotypic screen of the mutant lines is the most direct way to reveal functions of new genes or new regulatory pathways. establishment of appropriate assessment criteria for the mutant evaluation represents an important step towards cataloguing of visible phenotype alterations and estimation of the effectiveness of mutagenesis procedure.
our observation on M. truncatula transgenic lines containing Tnt1 insertions showed that leaf epidermal cells in all lines varied in shape and size, and diversified in the patterns of cell walls. Some of the lines showed large cell size, especially in the adaxial epidermis, whereas in the other lines small-sized epidermal cells were observed. Generally, average cell size depends on the balance between cell division and cell expansion, as they should not be considered as separate processes (6) . cell division alone only partitions cells by adding a cross wall but does not increase cell size. Growth occurs by cell expansion (1) and cell elongation. The rate of cell expansion may affect the frequency of cell division by infuencing the time taken to attain the 'critical minimal cell size' necessary before division will occur (11, 17) . the many different combinations of cell size and shape observed in this study indicated that the Tnt1 insertions are mutagenic and affect the patterning mechanism that operates in the leaf epidermis. As some of the insertions are located in the coding sequence of important genes involved in cell division, elongation and differentiation (http://bioinfo4.noble.org/mutant/), it is not surprising to observe such variability in the leaf morphology.
Stomatal density of the leaves was the most variable parameter measured in different Tnt1 lines. the amphistomatic leaves of the M. truncatula Tnt1 mutant lines often had a very uneven distribution of stomata, typically with fewer on the upper surface than on the lower. coordinated spacing and patterning of stomata mediate gas and water-vapour exchange between plants and the atmosphere. Many reports have shown the taxonomic significance of structure and organographic distribution of stomata (15, 23) . Although leaf epidermal features may be affected by environmental conditions (19) , the main leaf epidermal characteristics are basically constant in the same species at different locations (23) . the clear differences in the number and distribution of stomata in the Tnt1 mutant lines imply about potential metabolic changes caused by the increased or decreased stomatal density. Yousufzai et al.
(24) have found that stomatal frequency plays an important role in enhancing the yield and yield components. teare (21) also reported the relation between stomatal frequency and grain yield. Stomatal frequency at abaxial surface correlated positively with plant height. it has already been demonstrated that plant height has a significant positive correlation with stomatal frequency in Secale cereale (14) and may be considered a new parameter of potential use in inheritance studies.
Although in this study only a little fraction of the Tnt1 mutants was analyzed, most of the plants were influenced by the Tnt1 insertions and displayed visually recognizable phenotypes. As from each line two plants were tested and in most cases two phenotypes were observed in the same line, these phenotypes were recorded as separate, as they clearly segregated in the population.
Conclusions
This report indicates that the examined leaf epidermal parameters were strongly influenced in the Tnt1 mutant lines. Based on these observations, we believe that most of the observed mutant phenotypes were caused by the Tnt1 insertions. in addition, the leaf epidermal features can be reliably applied for phenotypic profiling of M. truncatula mutant lines. the fact that all the screened Tnt1 mutants demonstrated considerable differences in leaf morphology shows that Tnt1 is a very efficient mutagen and suggests that Tnt1 tagging is one of the most valuable systems for legume functional genomics.
